Background: Tiparp is an aryl hydrocarbon receptor (AHR) repressor, but its role in dioxin toxicity is unknown. Results: Loss of Tiparp increases sensitivity to dioxin toxicity and lethality. Tiparp ADP-ribosylates AHR, which is reversed by the mono-ADP-ribosylase, MacroD1. Conclusion: We identify new roles for Tiparp, MacroD1, and ADP-ribosylation in AHR signaling and dioxin toxicity. Significance: These data reveal the importance of TIPARP in regulating AHR activity in mice.
The aryl hydrocarbon receptor (AHR) 2 is a ligand-activated transcription factor and member of the basic helix-loop-helix/ Per-AHR nuclear translocator (ARNT)-Sim (PAS) protein family that mediates the toxicities of the environmental contaminant, dioxin (2,3,7,8-tetrachlorodibenzo-p-dioxin; TCDD) (1) . In the absence of ligand, such as dioxin, the AHR exists in the cytoplasm bound to a chaperone protein complex, containing heat shock protein 90, AHR-interacting protein (AIP; ARA9), and a 23-kDa co-chaperone protein, p23 (2) (3) (4) . After binding dioxin, the AHR translocates to the nucleus, dimerizes with ARNT, and regulates the transcription of target genes such as the drug-metabolizing enzymes CYP1A1 and CYP1B1 as well as AHR repressor (AHRR), a tissue-and context-specific repressor of AHR (5) (6) (7) . Activated AHR is also regulated through proteasome-mediated degradation (8) . In addition to its roles in xenobiotic metabolism, dioxin toxicity, and vascular development (9) , AHR has been reported to have an important role in T-cell differentiation and in the defense against bacterial infections (10, 11) .
Dioxin is a highly toxic environmental contaminant produced during waste incineration and other high temperature industrial processes, and it remains a global health concern. Dioxin causes diverse toxic effects in laboratory rodents, including immunosuppression, steatohepatitis, neurobehavioral alterations, teratogenesis, impaired reproduction, and a lethal wasting syndrome (12) (13) (14) . Because dioxin is linked to appetite suppression, body weight, and energy homeostasis, understanding the mechanisms of the wasting syndrome could have important implications for obesity and metabolic diseases. Acute lethality to dioxin varies among species and within rodent strains. For example, the lethal dose 50 (LD 50 ) for guinea pigs, one of the most sensitive species, is 1-2 g/kg bw dioxin, whereas the LD 50 for hamsters is Ͼ5000 g/kg bw (12, 15) . In most strains of mice, lethality occurs only 2 or 3 weeks after a single dose of 114 -300 g/kg of dioxin, and it is associated with inhibition of gluconeogenesis but also with feed intake refusal and body weight loss (12, 15) . There is approximately a 10-fold difference in susceptibility between the high sensitive C57BL/6 and low sensitive DBA/2 strains, which is due to polymorphic variations in the ligand-binding domain and in the C-terminal transactivation domain of the Ahr in each strain (16) . C57BL/6 mice harbor the high affinity Ahr b1 b1 allele, whereas DBA/2 and 129 substrains harbor the low affinity Ahr d allele (17, 18) . The molecular mechanisms of the dioxin-induced wasting syndrome remain obscure, but Ahr-deficient (Ahr Ϫ/Ϫ ) mice are resistant to this and other dioxin-dependent outcomes, indicating a key role for AHR in dioxin-induced toxicity (19) .
TCDD-inducible poly(ADP-ribose) polymerase (Tiparp; Parp7; Artd14) is an Ahr target gene that is expressed in many different tissues, including liver, heart, spleen, brain, and reproductive organs (20) . TIPARP is a member of the poly(ADP)ribose polymerase (PARP) family that uses NAD ϩ as a substrate to transfer ADP-ribose onto target proteins. TIPARP contains a CCCH-type zinc finger, a tryptophan-tryptophan-glutamate (WWE) domain involved in protein-protein interactions and a C-terminal catalytic domain (21) . The majority of PARP family members transfer mono-ADP-ribose, and not poly-ADP-ribose to their substrates (22) . ADP-ribosylation is a post-translational modification involved in several biological processes, such as immune cell function, the regulation of transcription, and DNA repair (23) . ADP-ribosylation is reversible with its removal being catalyzed by macrodomain-containing proteins, such as macrodomain 1 (MacroD1) and macrodomain 2 (MacroD2) (24) .
We recently reported that TIPARP mono-ADP-ribosylates itself and core histones, and as part of a negative feedback loop it represses AHR activity by increasing its proteolytic degradation (25) . However, the impact of TIPARP on AHR signaling and dioxin-induced toxicity in vivo has not been determined.
Here, we show that the loss of Tiparp increases sensitivity to dioxin-induced steatohepatitis and lethality. We also provide evidence that Tiparp mono-ADP-ribosylates AHR, but not ARNT, and that the actions of TIPARP are reversed by the ADP-ribosylase, MACROD1. Overall, our findings reveal previously unidentified roles for Tiparp, MACROD1, and ADPribosylation in AHR signaling, dioxin toxicity, and lethality.
Experimental Procedures
Mice-Tiparp Gt(ROSA)79Sor (26) were purchased from The Jackson Laboratory (Bar Harbor, ME). These mutant mice were produced on a mixed C57BL/6;129S4 background (26) , before being backcrossed 2 to 3 generations onto C57BL/6. 3 The mice were then backcrossed one generation onto C57BL/6J (stock no. 000664) at The Jackson Laboratory prior to being received in our laboratory. The exact number of backcrosses onto C57BL/6 was not known when we initiated these studies; however, single nucleotide polymorphism analysis done by The Jackson Laboratory revealed the mice to be ϳ90% C57BL/6 or that they have been backcrossed at least three generations onto C57BL/6. Congenic C57BL/6 and 129S mice used for Ahr genotyping were from Charles River (Montreal, Quebec, Canada). The mice we received from the cryopreserved Tiparp Gt(ROSA)79Sor strain were maintained by breeding heterozygous mice throughout this study. Eight-week-old mice were injected intraperitoneally with 30 g/kg bw of dioxin (Wellington Laboratories) dissolved in corn oil (Sigma) and 10 or 100 g/kg bw of dioxin dissolved in dimethyl sulfoxide (DMSO; Sigma). Control mice received an equivalent volume of corn oil or DMSO. For the mortality studies, mice were followed for up to 30 days after a single injection of 10 or 100 g/kg of dioxin. For food intake studies, mice were housed individually and provided intact pellets of food that were weighed daily. A baseline was determined for each mouse by monitoring food intake for 1 week prior to treatment. Briefly, standard mouse pellets (Harlan Laboratories) that weighed ϳ4 -5 g each were placed on top of the wire mouse feeder and a single pellet placed in a dish on the cage floor. To obtain the amount of food a mouse ate, we weighed the total amount of food the day before. The next morning, the food pellets on the wire feeder, the single pellet in the dish, and any additional pieces were collected and weighed. This amount was subtracted from the measurement made the day before to give us the food intake value. Because there was only a single pellet placed on the floor of the cage, with the rest of the pellets in the wire rack, contamination from water or urine was assumed to be minimal in comparison with the total amount of food and similar among the different cages. Coprophagia could not be accounted for under these conditions. After treatment, food intake (g/g of body weight) was calculated daily until the end of the study. To determine serum glucose levels, whole blood was collected from mice treated for 1-3 days with 100 g/kg bw dioxin. Mice were fasted for 4 h prior to blood collection. Serum was then isolated and analyzed using the Autokit glucose reagent (Wako Diagnostics) following the manufacturer's recommendations. Care and treatment of animals followed the guidelines set by the Canadian Council on Animal Care and was approved by the University of Toronto Animal Care Committee.
Genotyping for Tiparp, Ahr b1 , and Ahr d -Genomic DNA was isolated from the tails of pups born from Tiparp ϩ/Ϫ intercrosses. Tiparp genotypes were determined by PCR analysis of tail biopsies. The common forward primer was 5Ј-TGTCAGA-TCCCTCCTTCGTGAGGC-3Ј, the Tiparp ϩ/ϩ reverse primer was 5Ј-GTATAGTACCTAGCACTGTTCACC-3Ј, and the Tiparp Ϫ/Ϫ reverse primer was 5Ј-GAAGCCTATAGAGTAC-GAGCCGTAGA-3Ј. Homozygous null mice were designated Tiparp Ϫ/Ϫ . A 20-l reaction contained 1ϫ Jumpstart Taq buffer and 0.2 units of Jumpstart Taq polymerase (Sigma), 1.75 mM MgCl 2 , 0.2 mM dNTPs, 0.2 M of each primer, and 2 l of DNA. PCR cycling conditions included an initial step of 3 min at 94°C that was followed by 35 cycles of 30 s at 94°C to denature DNA, 30 s at 59°C for primer annealing, and 70°C for 45 s for elongation. This was followed by a final step of 7 min at 70°C. PCR products were resolved using 1% agarose gel electrophoresis followed by visualization with ethidium bromide.
The Ahr genotypes were determined using real time quantitative PCR (qPCR). Genomic DNA used to genotype Tiparp was purified using GenElute Mammalian Genomic DNA Miniprep kit (Sigma). Discrimination between the Ahr b1 and Ahr d alleles was based on common Ahr forward 5Ј-TCGACATAACGGACGAATCC-3Ј and reverse 5Ј-CAT ACAGCTTAGGTGCTGAGTC-3Ј primers and allele-specific probes designed to take advantage of differences between the Ahr b1 and Ahr d alleles in the exon 10 sequence of the Ahr gene (18, 27) . Ahr b1 allele-specific probe was 5Ј 6FAM TCAACTTTG ZEN CT-GAACTCGGCTTGC IABkFQ -3Ј. Ahr d -allele specific probe was 5Ј-6FAM AACTTTGAa ZEN GAACTCCGCTTGC IABkFQ -3Ј. The underlined nucleotides distinguish the Ahr alleles, and the lowercase boldface nucleotide does not match the mouse genomic sequence and represents a T to A point mutation that was necessary for specificity of the Ahr d probe for the Ahr d rather than the Ahr b1 allele. 6FAM (6-carboxyfluorescein, reporter dye), ZEN (internal quencher), and IABkFQ (Iowa Black FQ, quencher dye) were included on the probes (Integrated DNA Technologies, Coralville, IA). A 10-l reaction was set up using 25 ng of genomic DNA, 2ϫ Kapa Probe reaction mix (Kapa Biosystems), 0.9 M forward primer, 0.3 M reverse primer, and 0.2 M probe. qPCR conditions to detect the Ahr b1 allele using the Ahr b1 probe were 95°C for 5 min followed by 40 cycles of 95°C for 10 s and 64°C for 40 s. For detection of the Ahr d allele using the Ahr d probe, the following qPCR conditions were used, 95°C for 5 min followed by 40 cycles of 95°C for 10 s and 59°C for 40 s. All samples were also analyzed using Kapa SYBR FAST Green reaction mix, 0.9 M forward primer, 0.3 M reverse primer using the following qPCR conditions 95°C for 5 min, followed by 40 cycles of 95°C for 10 s and 59°C for 40 s. Ahr probe-specific reactions were normalized to Ahr gene levels detected by Kapa SYBR FAST Green and analyzed using the comparative C T method.
RNA Extraction and Gene Expression Analysis-Livers were removed, washed in ice-cold PBS, weighed, and then flash-frozen in liquid nitrogen. Frozen livers were homogenized in TRIzol reagent (Life Technologies, Inc.), and total RNA was isolated using the Qiagen RNeasy Plus kit and reverse-transcribed as described previously (25) . Primers used to amplify lipoprotein lipase (Lpl) were forward 5Ј-GGATGGACGGTAACGG-GAAT-3Ј and reverse 5Ј-GGCCCGATACAACCAGTCTA-3Ј; cluster of differentiation 36 (Cd36) were forward 5Ј-ACCCCT-CCAGAATCCAGACA-3Ј and reverse 5Ј-ACACAGGCT-TTCCTTCTTTGC-3Ј; phosphoenolpyruvate carboxykinase (Pck1) were forward 5Ј-CCTAGTGCCTGTGGGAAGAC-3Ј and reverse 5Ј-AAGTTGCCTTGGGCATCAAAC-3Ј; sterol regulatory element-binding transcription factor 1 (Srebp1) 5Ј-GCACACAAAAGCAAATCACTG-3Ј and reverse 5Ј-TCTC-CACCACTTCGGGTTTC-3Ј; fatty acid synthase (Fas) 5Ј-GC-TGCGGAAACTTCAGGAAAT-3Јand reverse 5Ј-AGAGAC-GTGTCACTCCTGGACTT-3Ј; Cyp1a1 5Ј-CGTTATGACC-ATGATGACCAAGA-3Ј and reverse 5Ј-TCCCCAAACTCA-TTGCTCAGAT-3Ј; Cyp1b1 forward 5Ј-GTGCGGCAAAAG-CATGTCTC and reverse 5Ј-GGGGAAAAGCAACGTTCT GAC-3Ј; Tiparp forward 5Ј-TCCCCGTGTCTGTGGAAAGC ATG-3Ј and reverse 5Ј-TTGACCGGAGGGGGCCTTCT-3Ј; tumor necrosis factor ␣ (Tnf␣) forward 5Ј-AGGGTCTGGGC-CATAGAACT-3Ј and reverse 5Ј-CCACCACGCTCTTCTGT-CTAC-3Ј; interleukin 1 ␤ (Il1␤) forward 5Ј-GGACCCATAT-GAGCTGAAAGCT-3Ј and reverse 5Ј-TGTCGTTGCTTGG-TTCTCCTT-3Ј; and chemokine CXC motif ligand 2 (Cxcl2) forward 5Ј-AAGTTTGCCTTGACCCTGAA-3Ј and reverse 5Ј-AGGCACATCAGGTACGATCC-3Ј. All genes were amplified using Kapa SYBR Green 2ϫ mix, normalized to ribosomal 18S levels and analyzed using the comparative C T method. For the microarray studies, RNA was isolated from male liver tissues treated with 30 g/kg dioxin. RNA was processed, labeled, and hybridized to the GeneChIP Mouse Exon 1.0 ST array (Affymetrix) at The Centre for Applied Genomics (Toronto, Ontario, Canada). Differentially regulated genes with an absolute fold change of Ն1.5 and p value Յ0.05 were identified using Affymetrix Transcriptome Analysis software. The average gene signal was converted to a log2 scale using a Tukey's bi-weight average for the gene signal intensity for all the samples in a treatment condition. Traditional unpaired one-way ANOVA was performed for dioxin-treated versus corn oil-treated Tiparp ϩ/ϩ and dioxin-treated versus corn oil-treated Tiparp Ϫ/Ϫ samples. Microarray data have been deposited in the National Center for Biotechnology Information's Gene Expression Omnibus with accession number GSE61534.
Reporter Gene Assays-For luciferase reporter gene assays, HuH7 cells were transfected with pcDNA-TIPARP (25) and Cyp1a1 luciferase plasmid (pGudLuc; generously provided by Dr. Michael Denison, University of California at Davis) or pCMV-FLAG-MACROD1, pCMV-FLAG-MACROD1_G182E, pCMV-FLAG-MACROD1_D184A, or pCMV-FLAG-MACROD2 and treated with 10 nM dioxin for 24 h as described previously (25) . Human MacroD1 and MacroD2 cDNAs were amplified by PCR using pCMV6 Myc-DDK MACROD1 or pCMV6 Myc-DDK MACROD2 variant 1 as templates, respectively (Origene, Rockville, MD). The PCR primers for MACROD1 were forward primer 5Ј-CAAAGAATTCATGTCTCTACAGAGCCGACTGTC-3Ј and reverse 5Ј-CAAAGTCGACGGCCACGGGGAAGTAGT GGG-3Ј, and for MACROD2 were forward primer 5Ј-CAA AGAATTCATGTACCCCAGCAACAAGAAGAAAAA-3Ј and reverse 5Ј-CAAACTCGAGTTTAGTTCCATTTCTTTGTTC-CTTCG-3Ј. Following amplification, the MacroD1 sequence was digested with EcoRI and SalI, and the MacroD2 sequence was digested with EcoRI and XhoI. The digested sequences were cloned into EcoRI and XhoI sites of pCMV-2B (Invitrogen). The plasmids pCMV-FLAG-MACROD1_G182E and pCMV-FLAG-MACROD1_D184A were generated by PCR mutagenesis using the forward primer 5Ј-TCCCTGCTCGG-AGGCGGTGAAGTGGACGGCTGCATTCATCGG-3Ј and reverse primer 5Ј-CCGATGAATGCAGCCGTCCACTTCA-CCGCCTCCGAGCAGGGA-3Ј for G182E, and forward primer 5Ј-CTGCTCGGAGGCGGTGGCGTGGCCGGCTGC-ATTCATCGG-3Ј and reverse primer 5Ј-CCGATGAATGCAG-CCGGCCACGCCACCGCCTCCGAGCAG-3Ј for D184A. Nonsynonymous SNPs in the human TIPARP were selected from Exome Variant Server, NHLBI GO Exome Sequencing Project (ESP), Seattle, WA. The TIPARP plasmids containing the different SNPs were generated using PCR mutagenesis with the following PCR primer: F40S (rs369539588), 5Ј-CTCCATTGAAGACT-TGTTCTAAGAAAAAGGATCAGAAA-3Ј, 5Ј-TTTCTGA-TCCTTTTTCTTAGAACAAGTCTTCAATGGAG-3Ј; K42R (rs144427222), 5Ј-CATTGAAGACTTGTTTTAAGAGAAAG-GATCAGAAAAGATTG-3Ј, 5Ј-CAATCTTTTCTGATCCTTT-CTCTTAAAACAAGTCTTCAATG-3Ј; N238D (rs140486151), 5Ј-TACCACACTCACCAAGAGGACGGAATTGAAATTTG-CATG-3Ј, 5Ј-CATGCAAATTTCAATTCCGTCCTCTTGGT-GAGTGTGGTA-3Ј; N338S (rs148252230), 5Ј-TCCACACCAC-CCTCTAGCAGTGTCAACTCTATTTACCAC-3Ј, 5Ј-GTGG-TAAATAGAGTTGACACTGCTAGAGGGTGGTGTGGA-3Ј; P361A (rs141280180), 5Ј-TTTGGATGGAGAGAGTATGCCG-AGTCTGTCATTCGATTG-3Ј, 5Ј-CA ATCGAATGACAGAC-TCGGCATACTCTCTCCATCCAAA-3Ј; E362K (rs150739414),
Histology-Liver tissues from 100 g/kg dioxin-treated animals were collected on days 1, 3, or 6. Control tissue was from DMSO-treated animals on days 3 or 6 after dosing. Liver tissues from 10 g/kg dioxin-treated Tiparp Ϫ/Ϫ animals were collected after the mice were euthanized, which ranged from days 5 to 13 after dosing. Tiparp ϩ/ϩ animals were euthanized to day-match the Tiparp Ϫ/Ϫ animals, and their liver tissues were collected. Staining for ␤-galactosidase activity to visualize cells expressing the lacZ reporter (inserted in intron 1 of the Tiparp gene) was performed on optimal cutting temperature compound (OCT)-embedded tissue following standard methods. H&E staining was done following standard methods with representative images obtained using an AxioImager M2 microscope, AxioCam MRm camera, and AxioVision software (Zeiss). Oil-Red-O/hematoxylin staining was done on sections from OCT-embedded tissue using standard methods. Images were acquired using a Nikon Eclipse 80i microscope and Nikon Elements software (NIS-Elements Basic Research, version 3.10).
Tissue Lipid Analysis-Livers from mice treated with 100 g/kg dioxin were flash-frozen and used to measure tissue triglyceride, free fatty acid, and cholesterol levels. Free fatty acids were quantified using a kit following the manufacturer's recommendations (MAK044, Sigma). Triglycerides and cholesterol were extracted from livers in chloroform/methanol (2:1, v/v) and quantified as described previously (29) .
NAD Detection Assay-Total cellular NAD was determined using NAD/NADH quantification kit (MAK037; Sigma). Briefly, 20 mg of liver tissues was homogenized in NADH/NAD extraction buffer. The samples were clarified by centrifugation, and the supernatant was deproteinized by filtering it though a 10-kDa cutoff spin filter (Millipore). The assay was then performed according to the manufacturer's instructions. Values were corrected for dilutions and protein content of the samples.
ADP-ribosylation Assays-GST-tagged fusion proteins were purified according to standard procedures. ADP-ribosylation assays were carried out as described previously (25) . Human PARP10 (ARTD10) cDNA was PCR-amplified using pEV-HA-RFO-ARTD10 (PARP10) as template (a gift from Professor Bernard Lüscher, IBMB Aachen, Germany). PCR-amplified sequence was digested with EcoRI and XhoI and cloned into the appropriately digested pGEX-4T1 plasmid. Briefly, ϳ1 g of GST-mouse Tiparp (mTiparp), human TIPARP (hTIPARP), or JULY 3, 2015 • VOLUME 290 • NUMBER 27 JOURNAL OF BIOLOGICAL CHEMISTRY 16827 chicken (chTiparp) fusion protein was incubated with ϳ4 g of GST-AHR(1-434), GST-AHR(430 -848), GST-ARNT(1-450), GST-ARNT(440 -789), GST-AIP, GST-PCK1, GST-MACROD1, or GST-MACROD2. Note a C-terminal histidine tag was added to GST-AHR(430 -848) and GST-ARNT(1-450), which helped reduce protein degradation during purification. For GST-PARP10 reactions, ϳ1 g of fusion protein was incubated with ϳ4 g of GST-AHR(430 -848). ADP-ribosylation assays were done in 30-l reactions and incubated at 30°C for 20 min in reaction buffer (50 mM Tris base, pH 8.0, 4 mM MgCl 2 , 0.2 mM DTT) and 5 Ci o f 32 P-NAD ϩ (PerkinElmer Life Sciences) and/or 500 M ␤-NAD ϩ (Sigma). Reactions were stopped by the addition of sample buffer, separated by SDS-PAGE, and visualized by autoradiography. Prior to autoradiography, PVDF membranes were stained with GelCode Blue to visualize the proteins and to ensure equal loading.
Tiparp Protects against Dioxin-induced Lethality
Western Blots and Co-immunoprecipitation Assays-For hepatic Ahr protein detection, whole cell extracts were prepared by homogenizing 100 mg of liver tissue in RIPA buffer. Ten micrograms of total protein was separated by SDS-PAGE and transferred to a nitrocellulose membrane. Membranes were incubated with anti-AHR antibody (SA-210; Enzo Scientific),stripped, and then incubated with anti-␤-actin antibody (Sigma A-2228). For hepatic Cyp1a1 and Cyp1b1 protein detection, microsomes were prepared as described previously (30) . Five micrograms of microsomal protein was separated by SDS-PAGE and transferred to a nitrocellulose membrane. The membranes were incubated with anti-Cyp1a1 (31), anti-Cyp1b1 (H105, Santa Cruz Biotechnology), or anti-ERp29 (Abcam ab11420). For transfection experiments, HuH7 cells were seeded in 6-well plates and transfected with pEGFP-TIPARP (WT) or pCMV-FLAG-MacroD1 with Lipofectamine 3000 (Life Technologies, Inc.). Six hours following transfection, cells were treated with 10 nM dioxin or DMSO for 18 h, and whole cell extracts were prepared. Cell extracts were separated by SDS-PAGE and transferred to a PVDF membrane. The membranes were incubated with anti-CYP1A1 (B4, Santa Cruz Biotechnology), anti-GFP (JL8, Clontech), anti-FLAG, or anti-␤-actin. COS-1 cells were seeded in 6-well plates and transfected with pEGFP-TIPARP (WT or H532A), pRC-AHR, pCMV-FLAG-MACROD1, or pCMV-FLAG-MACROD2 with Lipofectamine 2000 (Life Technologies, Inc.). Six hours following transfection, cells were treated with 10 nM dioxin or DMSO for 18 h, and whole cell extracts were prepared. Two micrograms of anti-FLAG M2 (F1804, Sigma) antibody were incubated with 100 g of whole cell extracts and protein G-agarose beads for 3 h at 4°C. Beads were washed five times and eluted in sample buffer, separated by SDS-PAGE, and transferred to a nitrocellulose or PVDF membranes. Membranes were exposed to anti-GFP (Clontech) or anti-FLAG antibodies. Input samples were probed with anti-FLAG, anti-GFP, anti-AHR (H-211, Santa Cruz Biotechnology), or anti-␤-actin. After washing, bands were visualized using SuperSignal substrate (Pierce). Western blots were quantified using ImageJ (National Institutes of Health).
Immunofluorescence-HuH7 cells were seeded onto coverslips and transfected with pcDNA-MacroD1. Twenty four hours after transfection, cells were incubated with 1 M Mitotracker Deep Red 633 FM mitochondrial probe (Molecular Probes, M22426) in growth medium for 20 min and then fixed in 4% paraformaldehyde and permeabilized with 0.4% Triton X-100 in PBS for 20 min. Cells were incubated with anti-MacroD1 (Abcam, ab122688) followed by goat anti-rabbit-AlexaFluor 568 (Life Technologies, Inc.) and mounted with Vectashield medium containing DAPI (Vector Laboratories).
Images were acquired using an AxioImager M2 microscope, AxioCam MRm camera, and AxioVision software (Zeiss).
Statistical Analysis-All data were presented as means and S.E. Two-way or one-way analysis of variance (ANOVA) followed by Tukey's post hoc test was used to assess statistical significance (p Ͻ 0.05) using GraphPad Prism Software (San Diego).
Results
Characterization of Tiparp Ϫ/Ϫ Mice-To determine the role of Tiparp in dioxin toxicity, we established a colony of B6;129S4-Tiparp Gt(ROSA)79Sor (Tiparp Ϫ/Ϫ ) mice and exposed them to dioxin. The characterization and creation of the Tiparp Ϫ/Ϫ mice have been described elsewhere (26) . Because JULY 3, 2015 • VOLUME 290 • NUMBER 27
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female Tiparp Ϫ/Ϫ mice are sterile (26), we intercrossed mice heterozygous for the Tiparp allele to generate the Tiparp ϩ/ϩ (ϩ/ϩ), heterozygous (ϩ/Ϫ), and homozygous null (Ϫ/Ϫ) animals ( Fig. 1A) . Because all the mice used in our study were generated from Tiparp ϩ/Ϫ mice on a mixed C57BL/6;129S4 background that were only backcrossed at least three generations onto C57BL/6, we developed an Ahr b1 allele-and Ahr d allele-specific qPCR fluorescent probe-based Ahr genotyping assay. Genomic DNA isolated from 15 Tiparp ϩ/ϩ , 18 Tiparp Ϫ/Ϫ , 4 C57BL/6 (B6), and 4 129S mice were amplified using common Ahr forward and reverse primers and either an Ahr b1 allele- (Fig. 1B) or Ahr d allele-specific (Fig. 1C) fluorescent probe. The same genomic DNA samples were also amplified using the same common Ahr primers but in the presence of SYBR Green to normalize Ahr levels in all samples as described under "Experimental Procedures." As expected, the Ahr b1 allele-specific probe only detected Ahr in genomic DNA isolated from B6, but not 129 mice, whereas the Ahr d allele-specific probe only detected Ahr in genomic DNA isolated from 129 mice but not B6 mice (Fig. 1, B and C) . The Ahr gene ampli- fied from all samples isolated from Tiparp ϩ/ϩ and Tiparp Ϫ/Ϫ mice was only detected by the Ahr b1 allele-but not the Ahr d allele-specific probe, indicating that the mice harbored the Ahr b1 allele (Fig. 1, B and C) . The lack of detection of the Ahr by the Ahr d allele-specific probe was not due to a lack of amplification of the Ahr gene sequence in the Tiparp ϩ/ϩ (WT) and Tiparp Ϫ/Ϫ (KO), because the ratio of Ahr between WT/KO detected by SYBR Green was ϳ1 (Fig. 1C) . Dioxin-stimulated increases in hepatic Tiparp mRNA levels were observed in Tiparp ϩ/ϩ but not in Tiparp Ϫ/Ϫ mice (Fig. 1D ). Because the ␤geo (a fusion of neo and lacZ) gene is inserted downstream of the Tiparp promoter, we used X-Gal staining of livers isolated from Tiparp ϩ/ϩ or Tiparp Ϫ/Ϫ mice treated with a single intraperitoneal dose of 100 g/kg dioxin. Negligible X-Gal staining was observed in livers from DMSO-treated mice. X-Gal staining was observed in livers from Tiparp Ϫ/Ϫ treated with dioxin for 24 h, and this was increased at 48 h of treatment. No X-Gal staining was observed in livers from similarly treated Tiparp ϩ/ϩ mice (Fig. 1E) .
Loss of Tiparp Increases Dioxin-induced Gene and Protein Expression Levels-We next examined the effect of Tiparp deletion on hepatic AHR target gene expression in male mice treated for 6 and 24 h with corn oil or 30 g/kg dioxin. Male Tiparp Ϫ/Ϫ mice treated for 6h exhibited increased hepatic expression of Cyp1a1 (Fig. 2, A and B) mRNA and protein levels compared with Tiparp ϩ/ϩ animals. Despite increased Cyp1b1 mRNA levels, no protein was detected after 6 h of dioxin treatment (Fig. 2, C and D) . The increased dioxin-induced hepatic Cyp1a1 and Cyp1b1 mRNA and protein levels observed in Tiparp Ϫ/Ϫ compared with Tiparp ϩ/ϩ mice were also evident at 24 h (Fig. 2, E-H) . A similar lag in the detection of dioxininduced hepatic Cyp1b1 protein levels compared with mRNA levels has been previously reported (32, 33) . Hepatic gene expression microarray studies supported the increased dioxin responsiveness of Tiparp Ϫ/Ϫ mice. We identified 766 genes with an absolute fold change of Ն1.5 (p Ͻ 0.05) in Tiparp Ϫ/Ϫ mice (supplemental Table 1 ) compared with 169 genes in Tiparp ϩ/ϩ mice (supplemental Table 2 ), with 79 genes common to both datasets (Fig. 2I ). Using Western blotting (Fig. 2J) , we observed reduced dioxin-induced proteolytic degradation of Ahr protein levels in liver extracts from Tiparp Ϫ/Ϫ compared with Tiparp ϩ/ϩ mice. This was in agreement with studies in Tiparp Ϫ/Ϫ mouse embryonic fibroblasts (25) , and it further supports a role for Tiparp in the regulation of Ahr protein levels.
Tiparp Ϫ/Ϫ Mice Display Increased Sensitivity to Dioxin-induced Toxicity and Lethality-To determine whether the loss of Tiparp affects dioxin-induced toxicity, we injected male and female Tiparp ϩ/ϩ and Tiparp Ϫ/Ϫ mice with a single nonlethal dose of 100 g/kg dioxin and monitored the mice for 6 days as described by others (34) . Although 100 g/kg dioxin is a high dose, a dose 2-fold higher causes lethality between 22 and 26 days in C57BL/6 mice (35) and a dose 20-fold higher is not lethal in Ahr knock-out mice (19) . No dioxin-treated male (Fig.  3A) or female ( Fig. 4A ) Tiparp Ϫ/Ϫ mice survived the 6-day experiment. All Tiparp Ϫ/Ϫ mice treated with a single injection of 100 g/kg dioxin died between days 3 and 5. Dioxin-treated Tiparp Ϫ/Ϫ mice appeared weakened after 2 days and became moribund between 3 and 5 days and had to be euthanized. All Tiparp ϩ/ϩ mice were normal in physical appearance at the end of the 30-day observation period (Figs. 3A and 4A) .
We then treated male and female Tiparp ϩ/ϩ and Tiparp Ϫ/Ϫ mice with a single intraperitoneal injection of 100 g/kg dioxin and analyzed the animals at days 1 and 3, as well as day 6 for Tiparp ϩ/ϩ mice only. Tiparp Ϫ/Ϫ mice exhibited reduced body weight on day 3 (Figs. 3B and 4B) as a result of decreased food intake on days 1 and 2 (Figs. 3C and 4C). No changes in food intake or body weight were observed in Tiparp ϩ/ϩ mice. Fasting serum glucose levels were reduced from day 1 to 3 in Tiparp Ϫ/Ϫ mice with no changes observed in Tiparp ϩ/ϩ animals (Figs. 3D and 4D). However, no difference was observed in dioxin-induced repression of phosphoenolpyruvate carboxykinase (Pck1; Pepck) mRNA levels between genotypes (Figs. 3E and 4E). Dioxin-induced thymic involution and hepatomegaly, two end points associated with dioxin toxicity, responded as expected and were similar in both genotypes at day 3 (Fig. 3, F  and G) . Comparable findings were observed in female mice (Fig. 4, F and G) . Serum alanine aminotransferase activity, a marker of hepatotoxicity, was markedly increased in male ( Fig.  3H ) and female ( Fig. 4H ) Tiparp Ϫ/Ϫ mice compared with Tiparp ϩ/ϩ mice. We also analyzed liver sections by H&E staining for general pathology and additional evidence of hepatotoxicity ( Fig. 3I ). DMSO-treated Tiparp ϩ/ϩ and Tiparp Ϫ/Ϫ mice displayed histologically normal liver architecture. On day 1, dioxin-treated Tiparp ϩ/ϩ livers exhibited slight hepatocyte cytoplasmic clearing within periportal regions and inflammatory cell infiltration (Fig. 3I) . In contrast, day 1 Tiparp Ϫ/Ϫ livers displayed increased degenerative changes, including focal inflammatory infiltration and increased cytoplasmic clearing of periportal hepatocytes. On day 3, the livers from Tiparp ϩ/ϩ mice displayed regions of cytoplasmic clearing and hydropic JULY 3, 2015 • VOLUME 290 • NUMBER 27 JOURNAL OF BIOLOGICAL CHEMISTRY 16831 degeneration, whereas Tiparp Ϫ/Ϫ mouse livers were characterized by a predominant microvesicular steatosis with regions of focal vacuolation. Six days after dioxin treatment, livers from Tiparp ϩ/ϩ mice displayed distinct inflammatory cell infiltration and increased clearing of the cytoplasm with the appearance of large vacuoles within hepatocytes. Similar findings were observed in livers isolated from dioxin-treated female mice (Fig. 4, H and I) .
Tiparp Protects against Dioxin-induced Lethality
We next determined the mRNA levels of Ahr-regulated cytokines (36, 37) . Dioxin-induced hepatic tumor necrosis factor ␣ (Tnf␣) mRNA levels were similar in day 3-treated Tiparp ϩ/ϩ and Tiparp Ϫ/Ϫ mice (Fig. 5A ). However, dioxin-treated Tiparp Ϫ/Ϫ mice exhibited increased hepatic expression of interleukin 1␤ (Il1␤) and chemokine (CXC motif) ligand 2 (Cxcl2) (Fig. 5, B and C) , which for Cxcl2 was 100-fold higher when compared with Tiparp ϩ/ϩ mice.
Dioxin reduces hepatic cellular NAD ϩ levels, which in turn may alter the activity of NAD ϩ -dependent proteins (38) . The dioxin-dependent reduction in cellular NAD ϩ levels is thought to be due to increased expression of TIPARP and its consumption of NAD ϩ (39) . Hepatic NAD ϩ levels were unchanged in 2-day dioxin-treated Tiparp ϩ/ϩ mice but were significantly reduced in day 6-treated animals (Fig. 5D ). A similar reduction in hepatic NAD ϩ levels was observed in day 2-treated Tiparp Ϫ/Ϫ mice, suggesting that Tiparp is not responsible for dioxin-induced reduction in cellular NAD ϩ levels.
Deletion of Tiparp Increases Dioxin-induced Hepatosteatosis-Because dioxin causes intrahepatic lipid accumulation in WT but not Ahr-null mice (12, 35) , we determined the intrahepatic lipid levels and qualitatively examined for the presence of lipids by Oil-Red-O staining. Macroscopically, DMSO-treated livers from male Tiparp ϩ/ϩ mice were normal (Fig. 6A) . Livers from day 6 dioxin-treated male Tiparp ϩ/ϩ mice were enlarged and slightly pale in color (Fig. 6A) . Livers from day 1 dioxin-treated Tiparp Ϫ/Ϫ mice were pale in color, and this discoloration was more apparent on day 3, indicative of lipid accumulation. Increases in intrahepatic triglycerides and cholesterol, but not free fatty acids, were observed in day 3 dioxin-treated Tiparp ϩ/ϩ mice. However, significantly greater increases in intrahepatic free fatty acids, triglycerides, and cholesterol were observed in similarly treated male Tiparp Ϫ/Ϫ mice (Fig. 6, B-D) and female Tiparp Ϫ/Ϫ mice (Fig. 7, A-C) . Livers isolated from male (Fig. 6E) and female (Fig. 7D ) Tiparp ϩ/ϩ mice 1 day after treatment with dioxin and control livers from Tiparp ϩ/ϩ and Tiparp Ϫ/Ϫ mice were negative for Oil-Red-O staining. Only small droplets of lipid were detected in the livers of Tiparp ϩ/ϩ mice euthanized 3 days after dioxin treatment. On day 6, the livers from Tiparp ϩ/ϩ mice exhibited increased Oil-Red-O staining in a zonal pattern. Increased lipid accumulation was evident in the livers of dioxin-treated male (Fig. 6E ) and female (Fig. 7D ) Tiparp Ϫ/Ϫ mice after day 1, with large amounts of intracytoplasmic lipid accumulation observed at day 3.
We then analyzed the hepatic levels of transcripts encoding genes involved in lipid uptake and lipogenesis. We observed that Lpl mRNA levels were unaffected by dioxin in Tiparp ϩ/ϩ mice but were increased 6-fold in male Tiparp Ϫ/Ϫ mice (Fig.  6F) . The scavenger receptor encoded by cluster of differentiation 36 (Cd36) was increased 5-fold by dioxin treatment in Tiparp ϩ/ϩ mice and increased to a greater extent (14-fold) in similarly treated Tiparp Ϫ/Ϫ mice (Fig. 6G) . The dioxin-depen- Tiparp Protects against Dioxin-induced Lethality dent increases in Cd36 mRNA levels were consistent with previous studies (40, 41) . Hepatic expression of lipogenic genes, including sterol regulatory element-binding transcription factor 1 (Srebp1) and fatty acid synthase (Fas), was decreased in Tiparp ϩ/ϩ mice after dioxin treatment (Fig. 6, H and I) . Significantly greater decreases in Srebp1 and Fas mRNA levels were observed in Tiparp Ϫ/Ϫ mice. We observed similar results in dioxin-treated female mice (Fig. 7, E-H) . Collectively, these data suggest that the increased sensitivity of Tiparp Ϫ/Ϫ mice to dioxin-induced hepatosteatosis was due to increased uptake of circulating lipids rather than increased hepatic lipogenesis.
Single Intraperitoneal Injection of 10 g/kg bw Dioxin Induces Steatohepatosis and Causes Lethality in Tiparp Ϫ/Ϫ Mice-Because 100 g/kg bw dioxin is a relatively high dose, we treated Tiparp ϩ/ϩ and Tiparp Ϫ/Ϫ male mice with a single injection of 10 g/kg dioxin and monitored them for 30 days. Dioxin-treated Tiparp Ϫ/Ϫ mice did not survive beyond day 8 with the day of death ranging from days 5 to 8 (n ϭ 4) ( Fig. 8A) . Tiparp Ϫ/Ϫ mice exhibited reduced bodyweight on days 3 and 5 ( Fig. 8B) . No changes in body weight were observed in Tiparp ϩ/ϩ mice. Livers from Tiparp Ϫ/Ϫ mice were excised after euthanasia and matched with Tiparp ϩ/ϩ mice that were euthanized on the same day. We analyzed liver sections from Tiparp ϩ/ϩ and Tiparp Ϫ/Ϫ mice 5-8 days after a single injection with 10 g/kg dioxin by H&E ( Fig. 8C) and Oil-Red-O (Fig.  8D ) staining. These liver sections shown in Fig. 8 were from day 5 animals and were representative of the other three pairs of Tiparp ϩ/ϩ and Tiparp Ϫ/Ϫ mice examined. Liver sections from treated Tiparp ϩ/ϩ mice were normal in appearance, whereas livers from treated Tiparp Ϫ/Ϫ mice displayed increased focal inflammatory infiltration and increased cytoplasmic clearing of hepatocytes (Fig. 8C ). The infiltration of inflammatory cells was more evident than that observed in livers from 100 g/kg dioxin-treated animals (see Fig. 3 and 4) . Oil-Red-O staining revealed small droplets of lipids in the livers of Tiparp ϩ/ϩ mice euthanized 5 days after 10 g/kg dioxin treatment (Fig. 8D) . In contrast, livers from Tiparp Ϫ/Ϫ mice exhibited large amounts of intracytoplasmic lipid accumulation. These data further support the increased sensitivity of Tiparp Ϫ/Ϫ mice to dioxin-induced toxicity, hepatosteatosis, and lethality.
TIPARP and MACROD1 Specifically Regulate AHR Activity through Mono-ADP-ribosylation-To identify a molecular mechanism by which TIPARP may affect AHR activity, we tested whether AHR, ARNT, and AIP were substrates of TIPARP using an in vitro radioactive ADP-ribosylation assay. We incubated full-length GST-tagged mouse or human TIPARP with N-or C-terminal truncations of human AHR or ARNT, or with full-length AIP in the presence or absence of 32 P-NAD ϩ . Mono-ADP-ribosylation is indicated by the lack of shift in the apparent molecular weight following SDS-PAGE analysis (25) . Murine (Fig. 9 , A-C) and human ( Fig. 9 , D-F) TIPARP specifically mono-ADP-ribosylated the C-terminal transactivation domain of AHR (amino acids 430 -848) but not ARNT, AIP, or the N-terminal region of AHR. Chicken Tiparp, but not human PARP10 (ARTD10), also ADP-ribosylated the AHR transactivation domain (Fig. 9, G and H) . Because we observed a marked reduction of serum glucose levels in dioxintreated Tiparp Ϫ/Ϫ mice, we tested whether PCK1 (PEPCK) is a substrate of TIPARP. Human PCK1 was mono-ADP-ribosylated by murine Tiparp (Fig. 9I ) and human TIPARP (Fig. 9J) .
Macrodomain-containing proteins bind to ADP-ribosylated proteins and can act as mono-ADP-ribosylases, providing evidence that this is a reversible modification (42) . To determine whether macrodomain proteins release ADP-ribose from modified TIPARP, we incubated MACROD1 (LRP16) or MACROD2 with in vitro radiolabeled full-length mouse or human TIPARP. MACROD1 and MACROD2 effectively hydrolyzed the mono-ADP-ribosyl linkage from mTiparp (Fig.  10A) as evidenced by reduced Tiparp auto-ribosylation in the presence of either protein. Using co-immunoprecipitation (co-IP) experiments, we found that AHR interacted with FLAG-MACROD1 and not FLAG-MACROD2 (Fig. 10B) . Notably, this interaction was increased by dioxin and occurred in a TIPARP-dependent manner. This interaction was also dependent on its catalytic activity, as evidenced by co-IP studies done in the presence of the TIPARP H532A catalytic mutant (Fig.  10C) . Because the ability of TIPARP to repress AHR activity is also dependent on its catalytic activity (25), we determined whether MACROD1 or MACROD2 reversed TIPARP-mediated repression of AHR-regulated reporter gene activity. The presence of MACROD1 or FLAG-MACROD1, but not FLAG-MACROD2, reversed the TIPARP-dependent inhibition of reporter gene activity (Fig. 10D) . Western blotting confirmed similar protein expression levels of FLAG-MACROD1 and FLAG-MACROD2 (Fig. 10E ). MACROD1 has been reported to localize to the mitochondria (43), but we observed both mitochondrial and nuclear localization (Fig. 10F) . Moreover, MAC-ROD1 has also been reported to be a cofactor for androgen receptor and estrogen receptor ␣ (44). We next determined whether the ability of MACROD1 to rescue TIPARP-mediated repression of AHR was dependent on its macrodomain by mutating glycine at position 182 to a glutamate (G182E) or aspartate at position 184 to an alanine (D184A). Equivalent mutations in MACROD2 block its ability to hydrolyze ADPribosylated residues on PARP10 (42) . The MacroD1 mutants exhibited a reduced ability to hydrolyze ADP-ribosylated TIPARP under our assay conditions (Fig. 10G ). Expression of MACROD1 G182E or MACROD1 D184A did not reverse the TIPARP-mediated repression of AHR-dependent reporter gene activity (Fig. 10H) , confirming the importance of the macrodomain in counteracting the actions of TIPARP. Western blotting confirmed that MACROD1, MACROD1 G182E , and MACROD1 D184A were expressed at similar levels (Fig. 10I ). In agreement with our previous study (25) , overexpression of TIPARP in HuH7 cells repressed dioxin-induced CYP1A1 mRNA ( Fig. 10J ) and protein levels (Fig. 10, K and L) . This reduction was prevented by overexpression of MACROD1, showing that MACROD1 reverses the inhibitory action of TIPARP at the CYP1A1 gene.
SNPs in Human TIPARP Differentially Affect the Ability of TIPARP to Repress AHR Activity-We were interested to determine whether some of the identified SNPs in human TIPARP affected its ability to repress AHR. We investigated 17 nonsynonymous SNPs that were identified by NHLBI GO Exome Sequencing Project. The SNPs spanned the length of the protein coding sequence and, with the exception of F40S (rs369539588) and K42R (rs144427222), were located within the zinc finger, WWE, and catalytic domains (Fig. 11A ). Plasmids containing the TIPARP SNPs were created by PCR mutagenesis, and their ability to repress AHR-dependent CYP1A1-regulated reporter gene activity was determined as described under "Experimental Procedures." We observed small but significant differences in the ability of some of the SNPs to affect the ability of TIPARP to repress (Fig. 11B ). The F40S resulted in increased repression of AHR activity, whereas N338S (rs148252230), P361A (rs141280180), and E362K (rs150739414) in the WWE domain and M558T (rs368152871) located in the catalytic domain slightly, but significantly, reduced the ability of TIPARP to repress AHR. The expression of each TIPARP SNP was confirmed by Western blotting (Fig. 11C ).
Discussion
Despite numerous studies, the mechanisms and downstream target genes regulating dioxin toxicity remain unknown. Here, we show that the product of Tiparp, a well known Ahr target gene, protects against dioxin-induced toxicity and lethality in mice. We also identify previously unknown roles for Tiparp, Macrod1, and mono-ADP-ribosylation in Ahr signaling (Fig. 12 ).
Lethality in Tiparp Ϫ/Ϫ mice occurs through an accelerated wasting syndrome in which the mice succumb within days after a single intraperitoneal injection of dioxin. We propose that under normal conditions, Ahr induces the expression of Tiparp, which in concert with MacroD1 dynamically regulates AHR activity through mono-ADP-ribosylation. In the absence of Tiparp, Ahr activity is increased due to reduced mono-ADPribosylation resulting in increased sensitivity to dioxin-induced toxicities. Although the increased dioxin sensitivity may be due to reduced mono-ADP-ribosylation of Ahr, it remains possible that the loss of mono-ADP-ribosylation of other yet to be identified Tiparp substrates exacerbates dioxin toxicity in the Tiparp Ϫ/Ϫ animals.
Dioxin causes and sensitizes mice to diet-induced steatohepatitis, which is characterized by hepatic steatosis accompanied with inflammation that may progress to cirrhosis and hepatocellular carcinoma (36, 39, 45) . The observed steatohepatitis FIGURE 10 . TIPARP and MacroD1 regulate AHR activity through reversible mono-ADP-ribosylation. A, MacroD1 more effectively removes mono-ADPribose from modified GST-mTiparp compared with MacroD2. B, MACROD1 but not MACROD2 forms a complex with AHR that is dependent on TIPARP. C, interactions between MACROD1 and AHR were reduced in the presence of the TIPARP catalytic mutant (H532A) compared with TIPARP (WT). D, MACROD1 but not MacroD2 prevents TIPARP-dependent repression of AHR regulated reporter gene activity in transiently transfected HuH7 cells, n ϭ 4. E, Western blots of FLAG-MACROD1 and FLAG-MACRoD2 in HuH7 cells. F, subcellular localization of MACROD1. MACROD1 was located predominantly in the mitochondria, but it was also found in the cytoplasm and nucleus. HuH7 cells were transfected with pcDNA-MACROD1, fixed, immunostained for MACROD1, and mounted using Vectashield containing DAPI to visualize DNA. G, two point mutants in MACROD1 prevent its ability to effectively remove mono-ADP-ribose from TIPARP. H, expression of MACROD1 G182E or MACROD1 D184A in HuH7 cells does not prevent TIPARP-dependent repression of AHR-regulated reporter gene activity, n ϭ 4. I, Western blots of FLAG-MACROD1 (WT), FLAG-MACROD1 G182E , and FLAG-MACROD1 D184A mutants in transfected HuH7 cells. A-C, E-G, and I, data are representative of three independent experiments. A and G, PVDF membranes were stained with GelCode Blue (GCB) prior to autoradiography to visualize the proteins to ensure equal loading. J, dioxin-induced CYP1A1 mRNA levels were determined in extracts from HuH7 cells transfected with GFP-TIPARP and/or FLAG-MACROD1. K, Western blots of CYP1A1, GFP-TIPARP, and FLAG-MACROD1 in extracts isolated from transfected HuH7 cells. L, quantification of CYP1A1 proteins levels using ImageJ, n ϭ 3. a, significant differences (p Ͻ 0.05) compared with dioxin in the absence of TIPARP or macrodomain proteins as determined by ANOVA of the mean followed by Tukey's post hoc test.
in Tiparp Ϫ/Ϫ mice is of significance because it is related to dioxin-induced chronic toxicity, including metabolic disease and liver cancer. Interestingly, loss of TIPARP is associated with the development of ovarian cancer (46) , suggesting an anti-cancer role for this enzyme. The increase in intrahepatic lipid levels in dioxin-treated Tiparp Ϫ/Ϫ mice suggests that this enzyme plays a role in lipid homeostasis and fatty liver disease.
TIPARP knockdown in immortalized human hepatoma, breast, and gastric carcinoma cell lines also results in increased AHR target gene expression in response to dioxin (25) , and its overexpression represses AHR activity ( Fig. 11) (25) . Because of the known differences in affinities of AHR agonists for human AHR compared with mouse Ahr b1 and the differential gene expression profiles observed between mouse and human hepatocytes in response to dioxin (47) , it will be important to determine whether TIPARP influences lipid uptake and AHR signaling in human hepatocytes or other human primary cells. Moreover, it will be necessary to determine whether some of the SNPs in TIPARP, particularly those that were found to increase or decrease the ability of TIPARP to repress AHR in a reporter gene assay can affect other AHR-dependent outcomes.
All of our studies were done using mice on a mixed C57BL/ 6;129 background rather than on the more commonly used C57BL/6 background. SNP analysis revealed that the C57BL/6; 129 Tiparp ϩ/ϩ and Tiparp Ϫ/Ϫ mice are 90% C57BL/6, and Ahr genotyping confirmed that they express the Ahr b1 that is present in C57BL/6 rather than the Ahr d that is present in 129 substrains. However, other genetic factors may influence Ahr activity, and it will be necessary to complete similar studies in congenic C57BL/6 mice as well as to develop tissue-specific Tiparp null models to fully understand its role in Ahr biology and toxicity.
AHR influences many signaling pathways, including stem cell expansion and T-cell differentiation (48) . T-cell function is regulated via ADP-ribosylation, and Tiparp expression is induced in response to viral infection (49) . Tiparp has also been reported to safeguard the pluripotency of ES cells (50) . It will be important to determine the extent to which other Ahr-regulated pathways are influenced by the induction of Tiparp and/or its activity. Tiparp expression is also induced by nuclear hormone receptors (51) and platelet-derived growth factor Dioxin binds and activates AHR resulting in its nuclear translocation, heterodimerization with ARNT, and increase in TIPARP expression levels. TIPARP catalyzes the mono-ADP-ribosylation of AHR and/or other target proteins causing reduced AHR activity and increased AHR proteolytic degradation (25) . MACROD1 binds and hydrolyzes ADP-ribose reversing the actions of TIPARP. The actions of TIPARP and MACROD1 regulate the AHR activity with the loss of TIPARP leading to increased AHR activity and dioxin-induced toxicity.
(52), and its loss impacts several platelet-derived growth factor target tissues (26, 53) . Therefore, it is likely that Tiparp exerts many effects that are independent of Ahr.
AHRR was first described as an AHR target gene and repressor of AHR activity (7) . AHRR is a very effective inhibitor of AHR activity in vitro (54) but exhibits gene-and tissue-specific inhibition of Ahr action in vivo (55) . Moreover, AHRR expression levels do not correlate with CYP1 activity in human skin fibroblasts nor do they correlate with CYP1A1 responsiveness in mice exposed to the AHR agonist, benzo[a]pyrene) (56, 57) . Treatment of Ahrr Ϫ/Ϫ mice with 3-methylcholanthrene results in tissue-specific rather than whole body increases in Cyp1a1 mRNA levels. There are also no increases in hepatic Cyp1a1 mRNA levels compared with WT animals (55) . These data suggest that Ahrr does not regulate Ahr in liver, which is central in dioxin toxicity, because Ahr loss in hepatocytes protects against many dioxin-associated toxicities (58) . To the best of our knowledge, the impact of Ahrr loss on dioxin-induced wasting syndrome has not been reported. The increased sensitivity of Tiparp Ϫ/Ϫ mice to dioxin-induced hepatic gene expression and toxicity is consistent with its role as a negative auto regulator of Ahr activity and support the view that Tiparp is a key regulator of hepatic Ahr activity (25) . It will be necessary to determine whether Ahr-dependent gene expression profiles and other Ahr-regulated end points are increased in all Ahr-responsive tissues in the absence of Tiparp.
Tiparp has been reported to mediate dioxin-dependent suppression of gluconeogenesis in chicken (Gallus gallus) embryo hepatocytes (38) . Species differences between chTiparp and mTiparp may account for the differences seen in our study. ChTiparp, however, exhibits the same mono-ADP-ribosyltransferase activity and ability to ADP-ribosylate AHR compared with the mouse and human homologs (Fig. 10) . The repressive effects of chTiparp on AHR activity have not been reported. Tiparp has also been proposed to mediate dioxininduced hepatosteatosis by lowering cellular NAD ϩ levels and consequently reducing the activity of NAD ϩ -dependent enzymes (39) . We observed dioxin-induced reduction in hepatic NAD ϩ levels in Tiparp Ϫ/Ϫ mice, suggesting that this is not mediated by Tiparp. We cannot exclude the possibility that local and/or small cellular decreases in NAD ϩ levels may influence the activity of NAD ϩ -dependent enzymes, such as sirtuin 1 and 3. Other PARP family members might be responsible for dioxin-dependent decreases in cellular NAD ϩ levels. PARP1 is responsible for 80 -90% of the cellular PARP activity, and continuous activation can reduce intracellular NAD ϩ levels by 80% (59) . In addition to its role in the DNA damage response, PARP1 is enriched at 90% of RNA polymerase II-bound regions near the transcription start sites of actively expressed genes (60) . However, whether PARP1 influences AHR activity and whether it is recruited to AHR target genes in a dioxin-dependent manner have not been reported.
We are only beginning to identify the cellular and physiological functions of TIPARP and other mono-ADP-ribosylating members of the PARP family (22) . Most studies have focused on the auto-ribosylation activity of these enzymes, and it will be important to identify the protein targets of TIPARP to fully characterize its physiological role and the impact of mono-ADP-ribosylation on protein function. The selective mono-ADP-ribosylation of AHR by TIPARP, and not by PARP10, and its specific reversal by MACROD1, but not MACROD2, show the unique and selective cellular pathways regulated by mono-ADP-ribosylating PARPs and macrodomain proteins. Our findings also add mono-ADP-ribose to the list of post-translational modifications regulating AHR action and provide new insight into AHR signaling, revealing a novel regulatory mechanism for an ancient receptor pathway. Interestingly, deletion and insertion mutants within the transactivation domain of rat Ahr are thought to be responsible for the marked differences in resistance to dioxin-induced toxicity between strains (28) .
One important question is whether the specific targeting of Ahr by Tiparp provides protection against dioxin-induced toxicity or whether other protein targets of Tiparp are involved. The mono-ADP-ribosylation of PCK1 shows that there are TIPARP substrates that are beyond the canonical AHR signaling pathway. Important future experiments will be to fully characterize the mono-ADP-ribose modifications of TIPARP and AHR, as well as to identify other TIPARP substrates.
In summary, we provide evidence that the loss of the Ahr target gene Tiparp in mice increases their sensitivity to dioxin toxicity, steatohepatitis, and lethality. We also show that AHR is mono-ADP-ribosylated by TIPARP and that the inhibitory action of TIPARP on AHR activity is reversed by the ADPribosylase, MACROD1. These findings support our previous work showing that TIPARP is a negative regulator of AHR activity (25) and reveal the importance of ADP-ribosylation in the regulation of AHR function.
